Background: While congenital anomalies of the kidney and urinary tract (CAKUT) constitute one-third of all congenital malformations, the mechanisms underlying their development are poorly understood. Some studies have reported an association between CAKUT and copy number variations (CNVs) in children and adults, but few have focused on chromosomal microarray analysis (CMA) findings in fetuses with CAKUT. Therefore, we aimed to perform a CMA on fetuses with CAKUT and normal karyotypes in the presence and absence of other structural anomalies.
| INTRODUC TI ON
Congenital anomalies of the kidney and urinary tract (CAKUT) constitute one-third of all congenital malformations detected by ultrasonography. 1 CAKUT are present in three to six per 1000 live births and constitute 40%-50% of childhood chronic kidney disease cases. 2, 3 Clinical manifestations of CAKUT may range from upper urinary tract conditions to phenotypes primarily affecting the lower urinary tract. CAKUT include diverse phenotypes such as hydronephrosis, renal agenesis, dysplastic kidney, duplex kidney, ectopic kidney, fused kidney, and ureteropelvic junction obstruction. 4 Fetuses with CAKUT are the frequent causes of prenatal consultation. The etiologies causing congenital urinary abnormalities are still unknown due to the highly phenotypic heterogeneity and multifactorial genetic penetrance. Genetic predisposition plays a significant role in the pathogenesis of CAKUT. 4, 5 So far, more than 40 genes have been associated with CAKUT. 6 Chromosomal microarray analyses (CMAs) have revealed the pathogenesis of neuropsychiatric disorders and craniofacial malformations. 7, 8 Using CMA, some studies have also reported an association between CAKUT and copy number variations (CNVs) in children and adults, 9, 10 although the etiology of fetal CAKUT is still unclear. Therefore, we performed a CMA on fetuses with CAKUT and normal karyotypes, both in the presence and absence of other structural anomalies. We also screened CNVs that may cause diseases, explored CAKUT-associated CNVs, and searched for possible pathogenic genes that could guide clinical practice.
| MATERIAL S AND ME THODS

| Patient data
A retrospective study was conducted on fetal CAKUT diagnosed prenatally by fetal ultrasound between January 2016 and January 2019 in the Fujian Provincial Maternal and Child Health Hospital. Inclusion criteria were the presence of hydronephrosis, polycystic kidney dysplasia, renal agenesis, ectopic kidney, and CAKUT with other defects.
This study protocol was approved by the ethics committee of the Fujian Provincial Maternal and Child Health Hospital, and all patients provided an informed consent for invasive prenatal diagnosis with normal karyotypes. Fetal samples were collected by amniocentesis or cord blood sampling, according to gestational age. Amniotic fluid was collected by amniocentesis at 18-24 weeks of gestation, and fetal blood was collected by cordocentesis after 24 weeks of gestation.
Specific post-test counseling was also provided. Clinical follow-up assessments were performed via telephone and postpartum ultrasound.
Confirmed cases of CAKUT were divided into two groups: one group with isolated CAKUT and another group with non-isolated CAKUT.
| Single nucleotide polymorphism array
The single nucleotide polymorphism (SNP) array method was previously established by our laboratory. 11 Genomic DNA was directly extracted from uncultured amniotic fluid and cord blood samples using the QIAamp DNA Blood Mini Kit (Qiagen). The genomewide high-resolution SNP array CytoScan HD (Affymetrix Genome CytoScan 750K, Affymetrix), including both SNPs and oligonucleotide probes, was used in this study. Amplification, labeling, and hybridization of 250 ng DNA were performed. The CNV reporting filter was set at >100 kb with a minimum set of 50 marker counts. The results were analyzed using the Chromosome Analysis Suite software (Affymetrix) and annotated based on GRCh37 (hg19). CNVs were classified as pathogenic, variants of uncertain significance (VOUS), or benign. 12 For fetuses with CAKUT that had abnormal SNP array results, parental testing was performed in order to determine the inheritance pattern of abnormal CNVs. Verification of copy number gains/losses was validated by fluorescence in situ hybridization.
| Statistical analysis
Statistical analysis was performed using SPSS 20 (IBM). Comparisons between isolated CAKUT and non-isolated CAKUT were performed using continuity correction. A P value of < .05 was considered statistically significant.
| RE SULTS
In total, 147 fetuses with CAKUT were included. Of these, 125 (85.0%) had isolated CAKUT and 22 (15.0%) had CAKUT associated with other structural anomalies. Of the 125 isolated CAKUT fetuses, 38 had hydronephrosis, 37 had unilateral polycystic kidney dysplasia, 19 had renal agenesis, and 17 had duplex kidney (Table 1 ).
| Detection rates of abnormal CNVs and comparison of abnormal CNV detection rates
A total of 147 fetuses with CAKUT were included, of which 125 (85.0%) were cases of isolated CAKUT and 22 (15.0%) were cases of non-isolated CAKUT. Fetal ultrasonography showed a higher detection rate of hydronephrosis, polycystic kidney dysplasia, renal agenesis, and duplex kidney ( Table 1) . SNP array identified abnormal CNVs in 13 (8.8%) fetuses. Of these, six were pathogenic and seven were VOUS. Of the 13 fetuses with CAKUT harboring CNVs, parents of eight participated in the study. Five de novo mutations were found in five fetuses with CAKUT, and three cases were inherited ( Table 2 ). The detection rate of abnormal CNVs in non-isolated CAKUT was higher than that in isolated CAKUT (5/22 (22.7%) vs 8/125 (6.4%), respectively, P = .038). Among the anomaly groups, CNVs were identified with the highest frequency in fetuses with polycystic kidney dysplasia (5/37; 13.5%), followed by in fetuses with renal agenesis (2/19; 10.5%; Table 1 ).
| Pathogenic CNVs detected in fetuses with CAKUT and normal karyotypes using SNP array
Out of the entire study population, six CAKUT fetuses had pathogenic genomic disorders (deletions of 3q28, 17q12, 17p12, and 22q11.21; duplications of 15q11.2 and 7q11.23; and losses of heterozygosity in 16q23.2q24.3 and 16p13.3p12.3) that had been previously described ( Table 2) . Of these six, two genomic regions contained genes previously associated with CAKUT: the hepatocyte nuclear factor 1 homeobox B (HNF1B) 13 and claudin 16 (CLDN16), a candidate gene related to kidney development and developmental delay 14 (Table 2 ). Table 3 .
| CNVs of uncertain significance detected in fetal CAKUT with normal karyotypes using SNP array
| Benign CNVs detected in fetal CAKUT with normal karyotypes using the SNP array
In this study, benign CNVs in two CAKUT fetuses were inherited from healthy parents: a 0.49 Mb deletion at 2p15 and a 0.38 Mb deletion at 2p11.2 ( Table 4 ). According to the DGV database, these two genes had previously been reported as polymorphisms. disorders, CMA can be used to diagnose an additional 12%-15% of genetic diseases. 7, 8, 15 Although the association between CAKUT and CNVs has been reported in children and adults, few studies have focused on CMA findings in fetal CAKUT. Our study investigated the role of CMA findings in prenatally diagnosed CAKUT with normal karyotypes in order to better understand the relationship between CNVs and CAKUT in fetuses.
| D ISCUSS I ON
In this study, 147 pregnant women with CAKUT fetuses consented to undergo SNP array testing after fetal anatomy scans and normal karyotype findings. We obtained abnormal CNVs in 8.8% Among the anomaly groups, the highest frequency of CNVs was recorded in fetuses with polycystic kidney dysplasia (13.5%), followed by fetuses with renal agenesis (10.5%). Patients diagnosed with multicystic dysplastic kidney had a higher incidence of CNV were comparable with those in Caruana's study. 9 Although environmental risk factors during pregnancy can influence kidney size, 17 genetic factors are also clearly involved. In this study, fetal ultrasonography showed higher detection rates of hydronephrosis, polycystic kidney, renal agenesis, and duplex kidney. This indicates that CAKUT have different ultrasonic diagnostic rates and that ultrasound is more suitable for the diagnosis of hydronephrosis, polycystic kidney, renal agenesis, and duplex kidney.
We detected six pathogenic CNVs in fetuses with CAKUT. The HNFB1 and the DiGeorge/velocardiofacial syndrome were most frequently detected. 16 We found two de novo pathogenic CNVs: normal phenotype. According to previous studies, deletion of 17p12 results in hereditary neuropathy with liability to pressure palsy, a distinct inherited disease of the peripheral nerves. 20 We determined that the microdeletion region of chromosome 17p12 was the patho- 26 with pathogenic mutations in HNF1B, PAX2, and DSTYK among the most frequently implicated. [27] [28] [29] Therefore, increased detection of single-gene defects is necessary.
In our study, the detection rate of fetal CAKUT with normal karyotypes could be increased by an additional 8.8% using SNP array technology. Factors contributing to 91.2% (134/147) of the cases remained elusive, suggesting that environmental risk factors, different mutations, or epigenetic influences are involved in CAKUT etiology.
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